Submonolayer deposition of 3d transition metals such as Cr, Mn, Fe, Co, and Ni on Pd(110) at room temperature causes the formation of monoatomic chains of Pd as identified with scanning tunneling microscopy and spectroscopy. In agreement with recent theoretical predictions [Phys. Rev. B 79, 155410 (2009)], the substitution of Pd substrate atoms with the deposited atoms of 3d metals is found to be responsible for the formation of Pd atomic chains. This finding clarifies the long-debated issue about the chemical composition of the atomic chains grown on Pd(110) and points out the intriguing processes in the formation of self-assembled and self-organized nanostructures.
The innovative applications of nanoscience rely mostly on the ability to design and fabricate nanoscale structures [1] . Complementary to the current lithographic techniques used for miniaturization which reach their limit at a few tens of nanometers [2] , self-assembly (SA) or selforganization (SO) has gained interest as one of the most promising methods to further diminish the size of nanoscale objects [3] .
The SA or SO, which occurs at the deposition of one or more materials onto substrates, involves various surface processes including diffusion [4] [5] [6] , aggregation [6] [7] [8] , and intermixing (atomic substitution) [9, 10] . Among these surface processes, though intermixing is generally recognized, its importance in determining the formation of nanodots, nanowires, and nanoislands is seldom studied due to the difficulty in identifying the chemical composition of single nanostructures on the atomic level. When the surface intermixing dominates at the initial stage of growth, instead of depositing the material, the formation of nanostructures made of the substrate's material may occur.
In the literature, the atomic chains formed on Pd(110) were generally considered as composed by deposits, such as Cu=Pdð110Þ [6, 11] and Co=Pdð110Þ [12] . This assumption, however, was not exclusively validated.
In this Letter we demonstrate a formation of Pd monoatomic chains after depositing a submonolayer of 3d transition metals like Cr, Mn, Fe, Co, and Ni on Pd(110). Using scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS), we measured the atomically resolved electronic structure of nanostructures formed on the Pd(110) substrate. We confirm the formation of atomic chains made of Pd instead of a 3d transition metal. The results are in perfect agreement with the recent theoretical prediction [13] .
These experiments were carried out under ultrahigh vacuum conditions. The Pd(110) single crystal was cleaned in situ by cycles of Ar þ sputtering and subsequent annealing at 900 K. The 3d transition metals (Cr, Mn, Fe, Co, and Ni) were deposited on the Pd(110) substrate with a deposition rate of 0:2 ML= min . During STM/STS measurements, the sample was kept at 4.7 K. The differential conductivity dI=dU was measured in tunneling spectroscopy mode using a lock-in technique with modulation of 5 mV at 17 kHz. Note that all the spectra were taken with carefully prepared clean W tips and crosschecked by taking spectra on clean Pd(110) surface to rule out any polluting feature from tips.
Figures 1(a) and 1(b) show the topographic images after depositing 0.08 monolayer (ML) of Fe and 0.12 ML of Co on Pd(110) at room temperature (RT). Single atomic chains along the ½1 10 direction are formed which are up to 30 nm long. The density of the atomic chains increases with increasing coverage, i.e., with an increasing number of adatoms. A few double atomic chains can also be found at the surface. Similar chains (which are not shown here) can also be formed by the deposition of Cr, Mn, or Ni on Pd(110). The dI=dU spectra of the atomic chains and of the Pd(110) substrate are shown in Fig. 1(c) . Surprisingly, the spectra taken from the atomic chains look exactly the same regardless of the material that was deposited (i.e., Co and Fe). The spectra are nearly the same as the spectrum taken from the Pd substrate with a characteristic peak at the Fermi level (E F ). Furthermore, the spectra for chains formed on Pd(110) after deposition of Cr, Mn, and Ni are identical with the spectra of the chains after deposition of Co and Fe.
There are only two possibilities that can explain this phenomenon. First, the atomic chains are formed by 3d transition metals, but these chains have exactly the same . From the universal resemblance of the spectra taken from the atomic chains of Cr, Mn, Fe, Co, and Ni with the one from the Pd(110) substrate, it is very unlikely that all these materials have identical density of states. The second possibility is that these atomic chains are made of Pd instead of the 3d transition metal while Pd chains very likely show electronic structures similar to that of the Pd substrate. Careful comparison shows that there is a small bump around À0:5 V in the spectrum of Pd substrate besides the common pronounced peak at the Fermi level in Fig. 1 (c). This is most probably due to the slightly different electronic structure of Pd in the atomic chain and Pd in the substrate surface. The formation of Pd chains may happen if the intermixing process between the deposited and substrate atoms is energetically more preferable than the surface diffusion. Exclusive clarification of these two possibilities comes both from theoretical calculations [13] and from experimental observations. The calculated local density of states (LDOS) [13] shows a substantial difference in the density of d states near E F for Fe and Pd chains on Pd(110). There is a peak at E ¼ 0:5 eV above E F for Fe chains and at E F for Pd chains. Comparing the spectra of Fig. 1(c) , it is very likely that the atomic chains shown in Figs. 1(a) and 1(b) are made of Pd. Furthermore, since the spectra of Fe chains are expected to be quite different from those of Pd, Fe was chosen to be grown on Pd(110) at a low temperature (6 K). In this case, the deposited atoms are expected to be frozen when they arrive at the surface (i.e., the atomic intermixing process is expected to be suppressed). Figure 2(a) shows the topography after the deposition of less than 0.01 ML of Fe on Pd(110). Both the Pd atoms of the substrate and the Fe atoms occupying the hollow sites are clearly atomically resolved. As shown, most of the deposited atoms form monomers and dimers along the ½1 10 and [001] directions; trimers are formed along the ½1 10 direction. The dI=dU spectra taken at the deposition temperature (i.e., without warming up the sample) of monomers, dimers, and trimers [marked by stars in Fig. 2(a) ] are shown in Fig. 2(b) . The spectrum of the Pd substrate is also plotted for comparison. The spectra of the Fe adatoms are very different from the spectrum of the Pd substrate. As shown in Fig. 2(b) , in the spectrum of the monomer a shoulder is observed at 0.53 V above E F . The spectrum of the dimers oriented along the [001] direction is similar to the monomer spectrum. However, the shoulder is shifted slightly towards lower energies. The spectrum of dimers oriented along the ½1 10 direction reveals a shoulder at 0.36 V with a small peak at 0.52 V. For trimers oriented along the ½1 10 direc- PRL
A similarity between the spectra of the Fe monomers and the dimers oriented along [001], which differ from the spectrum of the dimers oriented along ½1 10, is clearly visible. This suggests that the atomic interaction within the dimers oriented along ½1 10 is stronger than the interaction within the dimers oriented along [001] . This is consistent with the different atomic distances for these two types of dimers (0.275 and 0.389 nm, respectively). This phenomenon indicates that the formation of atomic wires is favored along the ½1 10 direction. Comparing the spectrum of the trimers (oriented along the ½1 10 direction) with the calculated d-LDOS of the Fe atomic chains [13] , one can see that two peaks above E F characterize them both. This means that the spectrum of the Fe trimers is representative of the Fe atomic chains formed on Pd(110). With this, we can conclude that a presence of peaks at approximately 0.5 V above E F is clearly a fingerprint of the Fe atoms, which does not change excessively with the increasing length of the chains. Comparing the spectra of Fe deposited at 6 K with the spectrum taken for the atomic chains formed by an Fe deposition at RT, a conclusion can be immediately drawn: the atomic chains shown in Fig. 1(a) are made of Pd, not Fe. Since all the spectra taken from the atomic chains after deposition of Cr, Mn, Fe, Co, and Ni at RT are identical, in all cases the atomic chains are formed from Pd regardless of the material which was deposited on Pd(110).
Based on our results, it is immediately clear that the growth process of 3d metals on Pd(110) and the mechanism of self-organization of the Pd atomic chains is associated with the atomic intermixing between the deposited atoms and the substrate. As usual for epitaxy, the formation of Pd monoatomic chains on Pd(110) by depositing a submonolayer of 3d metals involves intermixing, diffusion, and aggregation. The interface intermixing is believed to originate from the large lattice mismatch between the deposited material and the substrate [taking Ni on Pd(110) as an example; the lattice mismatch is larger than 5% in this case [13] ]. The deposited atoms are confined to the topmost substrate layer, while the expelled substrate atoms form the adlayer structures [14, 15] . Conversely, a (110) substrate is an ideal template for self-organization of one-dimensional atomic structures if compared to (111) and/or (100) surfaces. The deep channels along ½1 10 favor the diffusion along this direction. Large atomic distances along [001] suggests that the surface structures aggregated along ½1 10 are more stable than the aggregates formed along the [001] direction. In summary, the atomic intermixing, anisotropic surface diffusion, and aggregation of the 3d atoms deposited on Pd(110) at RT result in the formation of Pd monoatomic chains oriented along the ½1 10 direction.
The growth mechanism has been confirmed by a recent theoretical calculation [13] . When a deposited atom lands at the Pd surface, at first it incorporates into the topmost substrate layer leaving a Pd atom at the surface. Then the Pd atom diffuses along the ½1 10 direction until it meets other Pd atoms forming a dimer, a trimer, or a chain. These surface processes and their priorities are governed by the different energies involved. For the surface diffusion, the adatoms jump from one atomic site to the next with the total energy of the system remaining unchanged. Incorporation of an adatom into the topmost substrate layer decreases the total energy of the system by 0.34 eV. This occurs with the barrier for intermixing of E 2 ¼ 0:32 eV, which is comparable to the barrier for diffusion along the ½1 10 direction of E 1 ¼ 0:30 eV. From this calculation, one can conclude that a replacement of a substituted Pd atom by a deposited atom is energetically and kinetically feasible at RT. Thus, it favors the formation of atomic chains made of Pd instead of the chains made of the deposits.
The diffusion rate of the adatoms on the surface strongly depends on the temperature of the substrate that would eventually alter the final topography of the surface. The energy barrier for diffusion, E 1 ¼ 0:30 eV, corresponds to a diffusion temperature (i.e., the temperature below which the thermal energy of the atoms is too small to overcome the diffusion barrier) of about 120 K [16] . At temperatures well below the diffusion temperature, the atoms landing at the surface are frozen [as shown in Fig. 2(a) ] and thus mostly monomers are formed. Only by chance, two or three adatoms landing at the surface close to each other can form dimers or trimers. For RT growth, the thermal energy is well above the barrier E 1 for diffusion along the ½1 10 direction and above the intermixing barrier E 2 . Thus, the atomic incorporation into the surface layer happens shortly after landing. At RT, all the adatoms exchange their positions with the substrate Pd atoms before they would meet other adatoms or substituted Pd atoms and form stable atomic chains. This is why all the atomic chains shown in Fig. 1 are made of Pd and show identical spectra.
By depositing 3d metals at low temperature and then gently warming them up to RT, one may enhance the probability that the deposited Fe atoms and expelled Pd atoms will meet each other and form mixed Fe-Pd atomic chains. Results of the corresponding experiment, mainly the dI=dU spectra taken from each atom of the chain formed after growing at 40 K, are shown in Fig. 3 . It is clearly visible that there are two spectra (drawn in red) which show a pronounced peak (indicated by the red arrows) at around 0.47-0.52 V. This peak is strongly reduced for adjacent atoms such that all the other spectra are similar to the spectrum of the Pd chains. According to the discussion above, we identify the peak as characteristic for Fe atom. This means that the chain, made mostly of Pd, contains two Fe atoms. A slight difference in the peak shape and the peak position in comparison to the single atoms of Fe is not surprising. This is because the Fe atoms embedded in the Pd chain are not expected to have electronic structure identical to those of the single Fe atoms. The stabilization of mixed Fe-Pd chains at RT reflects the high stability of the Fe-Pd bonding within the atomic chains.
With the ability to identify single Fe atoms embedded in the Pd surroundings, it should be possible to identify the Fe atoms incorporated into the topmost substrate layer. No indication of Fe, however, was found with the spectra taken from each atom of the substrate surface layer within the investigated sample area. Most likely, after substituting the Pd atoms, the adatoms do not stabilize at the topmost layer, but instead continue diffusion into the crystal volume. This observation needs to be confirmed by theoretical calculation.
In summary, by applying the STM/STS technique we have experimentally confirmed the formation of Pd monoatomic chains on Pd(110) after depositing submonolayer of 3d transition metals like Cr, Mn, Fe, Co, and Ni.
The growth mechanism is explained by intermixing, anisotropic diffusion, and aggregation in agreement with recent theoretical calculations [13] . The results clarify the long-debated issue of the chemical composition of the atomic chains formed on Pd(110). Our finding indicates the complexity of the surface processes. In particular, we emphasize atomic intermixing, which must be considered seriously when fabricating self-assembled and selforganized nanostructures. =k B TÞ, where 0 ¼ 1 Â 10 12 s À1 and k B is the Boltzmann constant. The diffusion happens when the diffusion probability sumered for the deposition time is lager than 1. The E 1 10 ¼ 0:30 eV and the deposition time of 3 sec give the critical diffusion temperature T ¼ 120 K.
